The late endolysosomal trafficking in the yeast is governed by small GTPase Ypt7p/Rab7 and its GEF HOPS (homotypic fusion and protein sorting) complex[@b1][@b2][@b3][@b4]. Rab7 and HOPS are structurally conserved in mammalian cells. However, mammalian cells also contain a downstream effector of Rab7 called RILP (Rab interacting lysosomal protein) that is not structurally present in the yeast[@b5][@b6]. HOPS complex consists of 6 subunits of VPS (vacuole protein sorting) proteins, namely VPS11, VPS16, VPS18, VPS33, VPS39 and VPS41, with the former 4 subunits also referred to as class C VPS proteins. It is well established the Class C VPS proteins interact with one another, assembling into VPS-core complex, while accessory proteins, VPS39 and VPS41, associate with VPS-Core to form the complete HOPS complex[@b7][@b8][@b9][@b10].

Previous studies demonstrated that HOPS complex plays a critical role in regulating the late stage of endocytic pathway, since mutations in HOPS subunits result in severe traffic disorder in yeast[@b11][@b12]. HOPS complex may serve as a tethering factor or putative GEF (guanine nucleotide exchange factor)for Rab7/Ypt7p to activate Ypt7p to drive late endosomal membrane tethering and fusion[@b8][@b13]. Recent studies uncovered that Mon1-Ccz1 complex can inactivate the activity of Rab5 and activate Rab7\'s activity by regulating the GEF activity of HOPS complex, indicating HOPS complex is involved in regulating early-to-late endosomal membrane transition[@b14][@b15].

Despite the structural conservation of all 6 subunits of HOPS complex in mammalian cells, the functional and mechanistic aspects of HOPS complex remain less defined. The importance of the HOPS complex is underscored by the discoveries that dysfunction in HOPS complex is associated with animal diseases. Defects in VPS11, VPS16, VPS18 and VPS39 may result in aberrant pigmentation[@b16][@b17][@b18][@b19]. Mutation in VPS33a gene results in abnormal melanosomes and Purkinje cell loss in *bf* mouse[@b20][@b21]. Furthermore, mutation in VPS33b is associated with human disease arthrogryposis-renal dysfunction-cholestasis (ARC) syndrome[@b22]. Functionally, overexpression of VPS39/Vam6 induces clustering of enlarged late endosome/lysosomes, which is independent of Rab7\'s activity[@b23]. Although Vps39p may activate Ypt7p binding to GTP in yeast, no subunit of HOPS complex has been shown to directly possess GEF activity to Rab7 in mammalian cells[@b13]. The most recent study shows that HOPS can interact with clathrin and ERM (Ezrin/Radixin/Moesin) proteins to regulate endocytosis[@b24].

RILP is a downstream effector shared by Rab7[@b5], Rab34 and Rab36[@b25][@b26]. Despite extensive efforts, no structural counterpart of RILP is present in yeast, indicating it was evolved to accommodate the unique complexity of mammalian endocytic traffic. We have shown that dimerized RILP (through its C-terminal region) interacts simultaneously with two Rab7 molecules, thus recruiting/stablizing Rab7 onto the endosomal/lysosomal membrane[@b25][@b27]. The N-terminal region of RILP may bind to dynein/dynactin complex to drive vesicle trafficking[@b6][@b28].

Both HOPS complex and RILP are crucial regulators and/or effectors for Rab7 regulating late endocytic pathway in mammalian cells. However, whether the mammalian specific RILP also engages HOPS complex in endocytic trafficking is not known. In this study, we demonstrate that the N-terminal region of RILP also interacts with HOPS complex, primarily through interaction with the C-terminal region of VPS41 subunit. This interaction is likely independent of Rab7. Furthermore, RILP-mediated membrane recruitment of HOPS subunits is compromised when VPS41 was depleted, suggesting that the interaction of VPS41 with RILP is a key event for RILP to regulate membrane recruitment of the complex. Functionally, knockdown of VPS41 retarded degradation of EGFR in response to EGF. Similarly, overexpression of C-terminal region of VPS41, which is expected to act as a dominant negative mutant via competing with endogenous VPS41 for ineraction with RILP, also retarded EGFR degradation. One possible working model is that RILP is a late endosomal integrator coordinating the activity of Rab7 and HOPS complex in addition to its interaction with other proteins such as dynein-dynactin complex and ESCRT-II subunits.

Results
=======

HOPS subunits associate with RILP at endosomal membrane
-------------------------------------------------------

Previous studies[@b8][@b29] demonstrated that Rab7 interacts with VPS39 and VPS41 subunits of HOPS complex. In our immuno-fluorescence microscopy experiments, we found that epitope-tagged VPS11, VPS16, VPS33 and VPS41, when expressed alone, displayed cytosolic distribution; while tagged VPS18 and VPS39, expressed alone, is spotty and vesicular. Co-expressing of HOPS subunit with Rab7 indicates that Rab7 doesn\'t effectively recruit HOPS to vesicles, the distribution of these 6 subunits of HOPS complex remains the same as when expressed alone ([supplemental Figure s1](#s1){ref-type="supplementary-material"}). RILP is a downstream effector of Rab7 that is present selectively in mammalian cells. RILP can efficiently induce enlarged late endosome/lysosome as well as clustering them at the peri-Golgi region when it is overexpressed[@b5][@b25]. This property is mediated by interaction with Rab7, as its mutant defective in interaction with Rab7 is no longer able to induce lysosomal clustering[@b27]. Due to the observation that Rab7 does not possess the ability to recruit HOPS subunits to the endosomal membrane, we then investigated whether RILP is able to execute such an effect by co-expressing Myc-tagged HOPS subunits with GFP-RILP. As shown in [Figure 1](#f1){ref-type="fig"}, when co-expressed, GFP-RILP was able to cause efficient recruitment of Myc-VPS11, VPS16, VPS18, VPS39 and VPS41 onto the membrane structures marked by RILP. This is to our surprise as RILP can robustly recruit most HOPS subunits (except for VPS33) to the enlarged vesicular membrane ([Figure 1](#f1){ref-type="fig"}), in about 60--70% of cells co-expressing RILP and the VPS subunits (except for VPS33). Further examination by triple labeling of RILP, VPSs and endolysosomal marker CD63 demonstrated that RILP can recruit HOPS subunits to endolysosomal structures ([Figure s2](#s1){ref-type="supplementary-material"}), suggesting that RILP is a key regulator for endosomal membrane recruitment of HOPS complex.

Interestingly, the enlarged/clustered structures due to RILP overexpression exhibited some different patterns depending on the co-expressed HOPS subunits. The enlarged/clustered endolysosomes due to RILP overexpression was not significantly altered when VPS16, VPS18, VPS33, or VPS41 was co-expressed ([Figure 1](#f1){ref-type="fig"}). However, its co-expression with VPS11 or VPS39 caused more dispersed vesicular structures marked by both RILP and the VPS protein, indicating that VPS11 and VPS39 may influence the behavior of RILP but the molecular basis is not clear at the moment.

HOPS subunits except for VPS33 bind to RILP
-------------------------------------------

The robust membrane recruitment of 5 out of 6 HOPS subunits indicates there exists interaction between RILP with some subunits of the HOPS complex. We then investigated this via GST-pull down assay. Hela cells were transfected to express each of the Myc-tagged HOPS subunits and the resulting cell lysates were respectively incubated with immobilized GST-RILP. The bound proteins, along with 10% lysate, were resolved by SDS-PAGE and then analyzed by immunoblot ([Figure 2A](#f2){ref-type="fig"}). The results revealed that the 5 subunits being recruited by RILP were efficiently retained by GST-RILP, whereas Myc-VPS33 was not retained by GST-RILP. This correlation between the in vitro interaction and in vivo membrane recruitment indicates the interaction with RILP is responsible for membrane recruitment.

Since RILP interacts with Rab7 through its Carboxyl-terminal region[@b25][@b27], the observed interaction and membrane recruitment might potentially be mediated indirectly by Rab7 or by the RILP-Rab7 complex. If this is the case, then the C-terminal region of RILP will be important for the interaction with HOPS subunits. We therefore next determined the region of RILP responsible for the interaction with HOPS subunits. Lysates derived from HeLa cells expressing the various HOPS subunits were processed for GST-pulldown assay using GST-RILP, GST-RILP(1--198) and GST-RILP(199--401). As shown in [Figure 2B](#f2){ref-type="fig"}, all 5 interacting HOPS subunits were retained specifically by the immobilized N-terminal GST-RILP(1--198) (N-terminal region of RILP) but not the C-terminal GST-RILP(199--401) (C-terminal region of RILP) ([Figure 2B](#f2){ref-type="fig"}). Furthermore, the retention of theses subunits by GST-RILP(1--198) is as efficient as that observed using GST-RILP. These results not only confirmed the interaction of HOPS subunits with RILP but also showed that the N-terminal region of RILP is responsible for the interaction, implying that the Rab7-interacting C-terminal region of RILP is not important for this interaction and that their interaction with RILP is likely independent of Rab7.

The interaction of HOPS subunits with RILP is independent of Rab7
-----------------------------------------------------------------

To examine the possibility that interaction of HOPS subunits with RILP is independent of Rab7, we performed similar pull down assay using lysates derived from cells with Rab7 knockdown. As shown in [Figure 3A](#f3){ref-type="fig"}, Rab7 protein levels were significantly reduced by its shRNA. When lysates derived from cells expressing various HOPS subunits with simultaneous Rab7 knockdown were used for the pull down assay, it was observed that their interaction with RILP occurred with comparable efficiency ([Figure 3B](#f3){ref-type="fig"}), suggesting that significant reduction of Rab7 protein did not affect the interaction of HOPS subunits with RILP. To further corroborate this possibility, we tested the interaction between HOPS subunits and RILP(304AAA306), a mutant of RILP previously shown to have lost the ability to interact with Rab7[@b27]. GST-pulldown experiments demonstrated that HOPS subunits interacted with RILP(304AAA306) with similar efficiency as observed for wild type RILP ([Figure 3C](#f3){ref-type="fig"}). Under the similar condition, Rab7 was retained by RILP but not the RILP(304AAA306) mutant. Consistent with the observation that Rab7 was not able to recruit HOPS subunits to the membrane in co-expression assay, pull down assay using immobilized Rab7(GTP) detected only weak interaction with HOPS subunits and this weak interaction is not affected by mutation of L8A of Rab7[@b27], which was previously shown to abolish Rab7 interaction with RILP ([Figure 3D](#f3){ref-type="fig"}). Therefore, the weak interaction between Rab7 and HOPS subunit is independent of Rab7\'s ability to interact with RILP. Under the similar condition, RILP was efficiently retained by immobilized Rab7(GTP) but not Rab7L8A(GTP).

VPS41 is the major mediator for HOPS-RILP interaction
-----------------------------------------------------

As described above, the robust interaction of 5 out of 6 HOPS subunits with RILP is independent of Rab7 and the weak interaction of HOPS subunits with Rab7 is independent of RILP. Previous studies indicated that Rab7 binds to HOPS complex through interaction with VPS39 and VPS41[@b8][@b30]. We next investigated which HOPS subunit is most important for the observed interaction of RILP with 5 of the 6 subunits (VPS11, VPS16, VPS18, VPS39 and VPS41 but not VPS33).

To address whether RILP can recruit the endogenous HOPS complex, antibodies were used to label the subunits of HOPS, After testing various antibodies, we found that antibodies against VPS41 work for immuno-fluorescence assay. Endogenous VPS41 was present in diffuse cytoplasmic labeling with some small punctual structures in none transfected cells. Significant amount of endogenous VPS41 was recruited to the clustered RILP-labeled structures upon overexpression of RILP ([Figure 4A](#f4){ref-type="fig"}).

To characterize which subunit is responsible for the recruitment of HOPS complex by RILP, small RNA interference assay was applied to silence each of the HOPS subunits and to examine the impact on the recruitment of other subunits onto RILP-marked vesicular structures ([supplemental Figure s3](#s1){ref-type="supplementary-material"}). In this assay, VPS33 was not analyzed as it did not exhibit interaction in either recruitment or pull-down assays. We found that depleting VPS11, VPS16, VPS18 or VPS39 did not significantly affect the recruitment of remaining 4 subunits to RILP-positive structures ([supplemental Figure s4](#s1){ref-type="supplementary-material"}). However depletion of VPS41 abolished the co-localization of VPS11, VPS16, VPS18 and VPS39 with RILP ([Figure 4B](#f4){ref-type="fig"}).

Using the pull down assay, the retention of VPS11, VPS16, VPS18 and VPS39 by immobilized GST-RILP was significantly compromised when VPS41 was knocked down ([Figure 4C](#f4){ref-type="fig"} and quantitative results were shown in [Figure 4D](#f4){ref-type="fig"}), suggesting that VPS41 is the major player contributing to the interaction between RILP and HOPS complex, consistent with the results that RILP recruits endogenous VPS41.

VPS41 directly interact with RILP and the C-terminal half of VPS41 is responsible for interaction with RILP
-----------------------------------------------------------------------------------------------------------

Most subunits of the HOPS complex (except for VPS33) are big proteins with elongated structures, they can interact with each other easily, therefore, it is difficult to characterize the subunits that interact directly with RILP using the GST-pulldown or Co-IP assay from cell lysates. We tried to examine whether RILP can directly interact with VPS41 or not. GST-RILP immobilized onto GST sepharose beads was incubated with the purified His-VPS33 or His-VPS41, the bound proteins were examined through western-blot using His-tag antibody. The results demonstrated that RILP directly binds to VPS41, but not VPS33, ([Figure 5A](#f5){ref-type="fig"}), indicating that RILP interacts with HOPS complex at least partly through direct binding to VPS41 subunit.

To begin to map the region of VPS41 responsible for the interaction with RLIP, we have created constructs expressing the N-terminal portion (residues 1--427aa) and C-terminal region (residues 428--855aa) of VPS41. When co-expressed, Myc-tagged VPS41(428--855) but not VSP41(1--427) was recruited to RILP-positive structures ([Figure 5B](#f5){ref-type="fig"}). Consistently, GST-pulldown assay revealed that VPS41(428--855) but not VPS41(1--427) was retained by immobilized GST-RILP ([Figure 5C](#f5){ref-type="fig"}), suggesting that the specific interaction of VPS41(428--855) with RILP is likely the basis for its selective recruitment onto the RILP-positive structures. Therefore, the C-terminal region of VPS41 mediates the interaction of HOPS complex with N-terminal region of RILP. Co- expression of C-terminal part of VPS41 with RILP induces the multiple and dispersed punctual structures, somewhat different from VPS41 wt and RILP together ([Figure 1](#f1){ref-type="fig"}), suggesting the N-terminal part of VPS41 plays a role in regulating VPS41\'s function, although the underlying mechanisms need to be defined by further investigation.

HOPS complex regulates EGFR degradation
---------------------------------------

Both Rab7 and RILP are the interacting partners of HOPS complex, and are involved in EGFR endocytosis, mediating ligand induced EGFR degradation[@b5][@b29][@b31]. However, the role of HOPS complex in regulating EGFR endocytosis is still not well established. Given the robust interaction of HOPS subunits with RILP and that VPS41 is primarily responsible for the interaction, we interfered the function of HOPS complex by depleting VPS41, using pSuper-mediated shRNA targeting VPS41 and then examined the EGF-stimulated EGFR internalization and degradation.

The protein level of cellular EGFR was monitored by western-blotting experiments. MCF7 cells were starved for over night. After stimulating with 10 ng/ml of EGF for the indicated times ([Figure 6A and 6B](#f6){ref-type="fig"}), the cells were lysed for western-blot to detect the EGFR. The results demonstrated that depletion of VPS41 significantly inhibited the degradation of EGFR, as compared with control knockdown cells.

We next used immunofluorescence microscopy to monitor the degradation (disappearance) of endocytosed EGF-Rhodamine. The signals of EGF-Rhodamine were similar in control cells, VPS41-knockdown cells, and VPS41(428--855) over-expressing cells after short time of endocytosis (5 min) ([Fig s5](#s1){ref-type="supplementary-material"}). VPS41(428--855) is expected to act as a dominant negative mutant via competing with endogenous VPS41 for ineraction with RILP and its effect on EGF degradation was evaluated along with VPS41 silence. After endocytosis and degradation of 30 and 60 min, the signals of EGF-Rhodamine were represented with few fine vesicular labeling in control cells ([Figure 6C](#f6){ref-type="fig"}). However, numerous vesicular structures were intensively labeled with EGF-Rhodamine in VPS41-knocked down cells even after 60 min of endocytosis and degradation ([Figure 6D](#f6){ref-type="fig"}), suggesting a failure of endocytosed EGF-Rhodamine to be delivered to the degradative lysosomes. Since significant number of the labeled structures did not colocalize with EEA1 (an early endosomal marker), endocytosis and transit through the early endosome are likely not affected by VPS41 knockdown. These structures were more colocalized with late endosomal and lysosomal markers CD63 and Lamp1 after 60 min of endocytosis ([Figure 6E](#f6){ref-type="fig"}), suggesting an arrest of endocytosed EGF-Rhodamine in late endosomes and lysosomes. Since VPS41 knockdown reduced interaction of RILP with HOPS complex, the observed results could be explained by proposing that the interaction of RILP with HOPS is important for endocytic trafficking of endocytosed EGF. We explored this possibility further. Since the C-terminal region of VPS41 is responsible for interaction with RILP, overexpression of the C-terminal region of VPS41 is expected to compete with endogenous VPS41 (and therefore HOPS complex) with RILP. We therefore examined the consequence of overexpression of VPS41(428--855) (VPS41CT). As shown in [Figure 7A](#f7){ref-type="fig"} over-expression of VPS41CT also caused accumulation of EGF-Rhodamine in vesicular structures, and these structures were more co-localized with late endosomal/lysosomal markers CD63/Lamp1 ([Figure 7B](#f7){ref-type="fig"}). Therefore disruption of interaction of endogenous RILP with VPS41 (and the HOPS complex) caused delayed degradation of endocytosed EGF-Rhodamine, suggesting the interaction of RILP with VPS41 is functionally important for endocytic trafficking of endocytosed EGF to the lysosome.

Discussion
==========

Rab7 plays major roles in regulating late endolysosomal trafficking, which is governed by its two major partners HOPS and RILP[@b4][@b5][@b32][@b33][@b34]. Nevertheless, there is no RILP ortholog in lower eukaryotic cells, such as yeast cell, thus the mechanism for the endolysosomal membrane trafficking regulated by HOPS, Rab7 and RILP in mammalian system might exhibit difference due to the presence of RILP and its two related proteins[@b25]. In our present study, we have found the interaction of RILP with HOPS complex that is independent of Rab7, which offers a novel regulatory mechanism for Rab7/HOPS in late endolysosomal trafficking.

The subunit interaction within the HOPS complex has been examined[@b7]. VPS11, VPS16, VPS18 and VPS33 may interact to form the core complex, with VPS33 interacting with SNARE proteins, VPS11 and VPS18 associating with VPS39 and VPS41, respectively. HOPS complex targeting to the vesicle is proposed to be mediated through VPS39/VPS41 interaction with Rab7 to modulate membrane fusion[@b8][@b29] (schematically depicted in [Figure 8A](#f8){ref-type="fig"}). The activity of yeast Vps41p is also regulated by Yck3 kinase and Gyp7p (GAP, GTPase activating protein)[@b29][@b30][@b35]. VPS39 serves as GEF for Rab7/Ypt7p in yeast[@b8]. Over-expression of RILP induces enlarged and clustered late endosome/lysosome, suggesting RILP interacting with Rab7 may stabilize the association of Rab7 on the membrane, thus promoting membrane fusion and positioning them to the peri-Golgi region[@b25] due to interaction with dynein motor[@b28]. Although expression of Vam6 (human VPS39) also induces enlarged late endosome/lysosome, it was not addressed whether this is linked to Rab7 or RILP[@b23]. We have therefore investigated the relationship between HOPS and RILP. Interestingly, we observed the robust interaction of VPS11, VPS16, VPS18, VPS39 and VPS41 subunits with RILP as examined by membrane recruitment in vivo and GST-pull down in vitro. The 3D structure analysis showed VPS33 interacts with VPS16 only[@b36], and subunits organization investigation also demonstrated that each subunit interacts with at least 2 other subunits except for VPS33[@b7][@b37], therefore, RILP may interact with VPS33 more indirectly or weakly through interacting with VPS41, thus the interaction between VPS33 and RILP was not observed in our GST-RILP pulldown experiments.

Several lines of evidence suggest that the interaction of HOPS subunits with RILP is independent of Rab7. Firstly, the C-terminal region of RILP is responsible for interaction with Rab7. However, its interaction with HOPS subunits was mapped to the N-terminal region, demonstrating different and not overlapping regions of RILP are involved in the interaction with HOPS complex and Rab7, respectively. Secondly, interaction of HOPS complex with RILP was not significantly affected when expression of Rab7 protein was significantly knocked down. Thirdly, we have previously resolved the x-ray crystal structure of RILP-Rab7 complex and this structural information has allowed us to mutate the key residues of RILP involved in the interaction with Rab7 to create mutants of RILP that are no longer able to interact with Rab7. One such mutant RILP(304AAA306) was tested and it exhibited similar and robust interaction with HOPS complex. The interaction of HOPS subunits with Rab7(GTP) was also observed but the interaction is much weaker than that observed between RILP and HOPS. Furthermore, the interaction of HOPS with Rab7 is also not dependent on Rab7\'s ability to interact with RILP, as a mutant of Rab7 incapable of RILP interaction exhibited similar weak interaction with HOPS.

It is well established that the C-termianl end of RILP interacts with Rab7, while the N-terminal end of RILP interacts with dynein/dynactin to drive vesicle movement[@b6][@b27][@b28][@b38]. Our results revealed that the N-terminal region of RILP is also involved in the interaction with HOPS complex. At the present, we are not clear whether the interaction of RILP with HOPS and dynein/dynactin is mutually exclusive or could occur simultaneously.

Since 5 subunits of HOPS complex were shown to interact with RILP, we have attempted to define which subunit is most directly involved. Since recombinant subunits were not successfully produced, we were not able to investigate direct interaction of RILP with each of the HOPS subunits. We therefore resorted to another approach of silencing each of the subunits to see the impact on membrane recruitment of the rest and we were able to demonstrate that VPS41 is most crucially involved in membrane recruitment of HOPS complex in response to RILP overexpression and its silence caused failure of recruitment of other 4 subunits to the RILP structures, while silence of all other subunits had no major impact. Furthermore, knockdown of VPS41 also significantly reduced the interaction of other subunits with RILP in the GST-pull down assay. We also examined whether the stability of HOPS complex is affected by loss of VPS41. Since there are no good antibodies commercially available capable of detecting endogenous proteins efficiently, myc-tagged VPS11, VPS18, VPS33 and VPS39 were transfected into MCF7 cells stably expressing shRNA-VPS41, respectively. The resulting cell lysates were processed for immuno-precipitation assay using antibody against VPS16 that works for immunoprecipiation. The data revealed that these proteins (especially VPS11 and VPS39) bound to VPS16 decreased upon depletion of VPS41 ([Figure s6](#s1){ref-type="supplementary-material"}). This data to some extent suggests that VPS41 may be important for stabilizing the HOPS complex.

In addition, we have also provided evidence that the C-terminal region of VPS41 is responsible for interacting with RILP. A ring-structure in the C-terminal region of human VPS41 is divergent from yeast VPS41 and this divergence may facilitate the interaction with mammalian specific regulators such as RILP, further suggesting the specific and unique mechanism for regulating endosomal trafficking in mammalian cells.

The functional relevance of the RILP interaction with HOPS complex was shown by following the endocytic degradation of EGFR as assessed by western blot and EGF-Rhodamine as assessed by immunofluorescence. When VPS41 was knocked down, EGF induced degradation of EGFR was compromised significantly, and the degradation of endocytosed EGF-Rhodamine was greatly retarded upon VPS41 knockdown. Furthermore, overexpression of the C-terminal region of VPS41 to prevent interaction of endogenous HOPS with RILP also caused retardation of degradation of endocytosed EGF-Rhodamine.

Based on these results, we are proposing a working model of dual interaction of HOPS complex with both Rab7 and RILP. Whether HOPS complex is involved in GEF activity of Rab7 is yet to be defined, but Rab7 interaction with RILP will lead to endosomal recruitment of Rab7-RILP complex. Through robust interaction of C-terminal region of VPS41 with RILP, the HOPS complex is recruited to the Rab7-RILP complex, enabling the weak interaction between HOPS complex and Rab7 to occur to form a stable HOPS-Rab7-RILP complex ([Figure 8A](#f8){ref-type="fig"}), which will be intimately involved in endocytic trafficking. In this model, HOPS complex can be also considered as a downstream effector of Rab7-RILP complex in addition to the possibility that HOPS complex may still act as an upstream activator of Rab7 in view of yeast study.

Recent studies found that Mon1-Ccz1 protein can inactivate Rab5 through displacing Rabex5 and activate Rab7 through interaction with HOPS complex to regulate early-to-late endosomal membrane transition[@b14][@b15][@b39][@b40][@b41]. In view of our results, we hypothesis a regulatory model in [Figure 8B](#f8){ref-type="fig"}, in which Mon1-Ccz1 plays cis-regulation for HOPS, while RILP plays trans-regulation for HOPS, and the activity and stabilization on membrane of Rab7 are controlled by HOPS complex, RILP and Mon1-Ccz1.

Another complex COVERT (class C core vacuole/endosome tethering) was identified in yeast, sharing the class C core complex with HOPS complex, with VPS39 and VPS41 being substituted by VPS3 and VPS8, respectively[@b42]. COVERT may modulate the activity of Rab5, but its function on Rab7/Ypt7p is not clear[@b43]. So far, the mammalian COVERT has not been characterized completely, let alone the relation to RILP. Further studies may help to uncover novel regulation mechanisms in mammalian cells.

Methods
=======

Antibodies
----------

The monoclonal antibodies (mAbs) against EEA1 and EGFR were from BD (BD Biosciences, Palo Alto, CA); mAbs against human Lamp1, CD63 and HA-tag were obtained from the Developmental Studies Hybridoma Bank maintained by the University of Iowa (Department of Biological Science, Iowa City, IA, USA). mAbs against Rab7 and β-tubulin were from Sigma (Aldrich, St Louis MO, USA). mAb against EGFP were purchased from the Clontech Laboratories, BD Biosciences (Palo, Alto, CA, USA). mAb against VPS16 (which works in immunoprecipiataion) and anti-VPS41 (which works in immunofluorescence) were purchased from Santa Cruz Biotechnology (Dallas, Texas, USA). Polyclonal anti-myc tag antibody was purchased from Millipore (Billerica, Massachusetts, USA). mAb against Myc-tag (9E10) was obtained from American Type Culture Collection (ATCC, Manassas, VA 20108, USA). mAb against His-tag was from Transgen Biotech (Beijing,China). HRP-conjugated secondary antibodies were purchased from Pierce (Rockford, IL, USA). Texas red- or Cy5-conjugated secondary antibodies were from Jackson ImmunoResearch (West Grove, PA, USA).

Expression constructs
---------------------

Myc-tagged VPS11, VPS16, VPS18, VPS33, VPS39 and VPS41 expression constructs were generated by subcloning the respective human VPS coding region into pCMV-Myc vector. His-VPS41 and His-VPS33 expression plasmids were generated by subcloning VPS41 or VPS33 coding region into pET28a vector. GFP-RILP expression construct was described previously[@b44]. HA-RILP was generated by subcloning the coding region of RILP cDNA into EcoR1/Not1 sites of pDHA-neo vector. GST-RILP, GST-RILP(1--198), GST-RILP(199--401)were described previously[@b23]. Myc-RILP(304AAA306) and Rab7L8A constructs were described previously[@b25]. GST-RILP(304AAA306) and GST-Rab7L8A constructs were generated by subcloning RILP(304AAA306) and Rab7L8A into pGEX-4T-1 vector. The primers (5-AATCTCGAGATGGCGGAAGCAGAGGAGC AG-3 and 5-CTACGCGGCCGCCTATGCTGCATTTTTCCC-3) and the primers (5-AATCTCGAGATGCTCTGGGAATATGAAGTT-3 and 5-CTACGCGGCCGC CTATTTTTTCAT CTCCAA-3) were used to amplify the coding regions of N-terminal fragment 1--427aa and C-terminal fragment 428--855aa of VPS41, respectively. The fragments were sub-cloned into Xho I/Not I sites of pDmyc vector to generate Myc-VPS41(1--427) and myc-VPS41(428--855), respectively.

Cell culture and transfection
-----------------------------

HeLa and MCF7 cells were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum (HyClone) in a 5% CO~2~ incubator at 37°C. Transient transfection of plasmids was conducted using TurboFect in vitro transfection reagent (Thermo, Massachusetts, USA) according to the manufacturer\'s protocol.

immunofluorescence microscopy
-----------------------------

Immuno-staining was performed as described[@b45]. Briefly, cells grown on coverglasses were washed with PBSCM (PBS containing 1 mM CaCl~2~ and 1 mM MgCl~2~) and then fixed with 3% paraformaldehyde in PBSCM at 4°C. After sequential washing with PBSCM supplemented with 50 mM NH~4~Cl, cells were permeabilized with 0.1% saponin (Sigma, St. Louis, MO, USA) in PBSCM for 15 min at room temperature, and were subjected for immuno-staining using the antibodies indicated. Immuno-labeled cells or/and GFP-expressing cells were analysed by using confocal immunofluorescence microscopy equipped with Carl Zeiss LSM5 EXITER laser (Zeiss, Jena, Germany).

GST Pull-down experiment, western blot, in vitro bingding assay and immuno-precipitation
----------------------------------------------------------------------------------------

GST-pulldown assay was performed as described[@b45]. Briefly, HeLa cells were transfected with myc-tagged constructs as indicated in the text. After 18 h, cells were harvested and lysed in the binding buffer (containing 20 mM HEPES, pH 7.4, 100 mM NaCl, 5 mM MgCl~2~, 1% TX-100, and EDTA-free proteinase inhibitor cocktail from Roche (Nutley, NJ, USA)) for 1 hour at 4°C. The lysates were spun down, and the supernatant was subjected for GST-pulldown assay by using the indicated GST-fusion proteins coupled to the GST-Sepharose 4B resin (GE healthcare, Fairfield, Connecticut, USA). The bound proteins were resolved by SDS-PAGE, transferred to nitrocellulose filter, and detected by western-blot assay using ECL system (Pierce, Rockford, IL, USA).

For direct binding assay, His-Vps41 or His-Vps33 was expressed in E. coli BL21(DE3) and purified by using HIS-Select Nickel Affinity Gel (Sigma) according to the manufacturer\'s instructions. 1 μg purified His-VPS41 or His-Vps33 recombinant protein was diluted in 500 μl 5% BSA in GST binding buffer (PBS containing 1 mM MgCl~2~, 1 mM DTT), respecitvely, then incubated with immobilized GST-RILP as described above. After extensive washing, the retained proteins by GST-RILP were detected by western-blot using anti-His tag antibody.

For immuno-precipitation, HeLa cells were transfected with the indicated expression plasmids, respectively. After 18 hours, the cells were harvested and lysed in lysis buffer (100 mM NaCl, 5 mM MgCl~2~, 1% TX-100, 20 mM Hepes, pH 7.2) on ice for 1 hour, and the cell lysates were spun down and subjected for immuno-precipitation by incubating with polyclonal myc tag antibodies coupled to protein A agarose beads. The bound proteins were analyzed by western-blot.

pSuper-mediated small hairpin RNA interference
----------------------------------------------

pSuper.GFP-shRNA-Rab7 was described recently[@b46]. Targeting sequences for VPS11 (5′GCCTACAAACTACGGGTGA3′), VPS16 (5′GCTGACAAGATTCAACGGG 3′), VPS18 (5′GCGCATTACCAGTCTTGTC3′), VPS33 (5′GGAGTACAGCTTAGATCTC 3′), VPS39 (5′AGTGCTATCTCCATACAAA3′), VPS41 (5′GGGATTTGCCAAGTCGATA 3′) were constructed into pSuper.GFP.neo vector according to the manufacturer\'s instruction, respectively, to express shRNA. For these shRNA targets, they were chosen based on their efficient knockdown of target gene expression in trial experiments using several targets for each gene. For control knockdown, sequence (5′GATGCAACCACCCACGAAT3′) was used for scramble-shRNA. The knockdown effects were examined 72 hours after transfection of the shRNA expressing construct.

EGFR degradation experiments
----------------------------

EGFR degradation experiments were carried out as described[@b4][@b44]. Briefly, cells were starved in starvation medium (RPMI containing 50 mM Hepes and 1% BSA) for overnight. After extensively wash with starvation medium, the cells were stimulated with EGF (10 ng/ml) in starvation medium at 37°C for the indicated time. The protein level of EGFR was assessed by immuno-blotting assay.

For immuno-fluorescence microscopy analysis of EGFR endocytosis, cells grown on coverslips were starved and incubated with 0.2 μg/ml Rhodamine-conjugated EGF in starvation medium at 4°C for 1 hour, then processed for endocytosis at 37°C in complete medium. After internalization, cells were fixed and analysed by using confocal immuno-fluorescence microscope.
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![RILP recruits HOPS subunits to endosomal vesicles.\
Hela cells were co-transfected with GFP-RILP and myc-tagged human VPS11, VPS16, VPS18, VPS33, VPS39 and VPS41, respectively. VPS proteins are immuno-labeled by 9E10 antibody followed by Texas-red conjugated secondary antibody and viewed along with GFP signal. Immunofuorescence microscopy revealed that RILP recruits all HOPS subunits (except for VPS33) to endosomal vesicles. Bar = 20 μm.](srep07282-f1){#f1}

![RILP interacts with HOPS complex.\
(A). Hela cell lysates derived from cells expressing myc-tagged HOPS subunits, VPS11, VPS16, VPS18, VPS33, VPS39 and VPS41, respectively, were subjected to GST-pulldown assay using immobilized GST-RILP. 9E10 antibody was used for western-blotting to detect the protein bound to GST-RILP. The results revealed that RILP binds to all HOPS subunits except for VPS33, suggesting RILP interacts with HOPS complex. (B). GST-pulldown assay using GST-RILP, GST-RILP (1--198) and GST-RILP(199--401) demonstrated that N-terminal region (1--198aa) of RILP interacts with subunits of HOPS complex. Un-cropped blots/gels are presented in [Supplementary Figure s7](#s1){ref-type="supplementary-material"}.](srep07282-f2){#f2}

![The interaction between RILP and HOPS complex is independent of Rab7.\
(A). Hela cells were transfected with pSuper.GFP-scramble-shRNA(lane 1) or shRNA-Rab7. 48 h later, knocked-down cells were transfected with myc-tagged VPS11 (lane 2), VPS16 (lane 3), VPS18 (lane 4), VPS39 (lane 5) and VPS41 (lane 6), respectively. 72 h later, cells were harvested and processed for detection of the knockdown efficiency. The results revealed that Rab7 was depleted efficiently in the cells expressing HOPS subunits. (B). Lysates derived from cells described above were subjected for GST-pulldown assay using GST-RILP, the results demonstrated that RILP can still bind to HOPS subunits when Rab7 was effectively depleted, suggesting RILP interacts with HOPS complex independent of Rab7. (C). Hela lysates containing myc-tagged VPS11, VPS16, VPS18, VPS39 and VPS41 were subjected for GST-pulldown assay using GST-RILP and GST-RILP304AAA306 mutant (defective in interacting with Rab7), the data showed that this RILP mutant can still bind to HOPS sununits, although no longer interacting with Rab7 (bottom panel). (D). Hela lysates containing myc-tagged VPS11, VPS16, VPS18, VPS33, VPS39 and VPS41 were subjected for GST-pulldown assay using GST-Rab7 or GST-Rab7L8A mutant (defective in interacting with RILP showed in bottom panel). Like wildtype Rab7, Rab7L8A can still weakly interacts with HOPS complex, suggesting Rab7 interacts with HOPS complex independent of RILP. Un-cropped blots/gels are presented in [Supplementary Figure s8](#s1){ref-type="supplementary-material"}.](srep07282-f3){#f3}

![VPS41 subunit plays a crucial role in RILP-HOPS interaction.\
(A). Hela cells expressing GFP-RILP were immuno-labeled with anti-VPS41 antibody to demonstrate the recruitment of endogenous VPS41 by RILP. (B). Hela cells were co-transfected with pSuper.GFP-shRNA-VPS41, myc-tagged HOPS subunits and HA-RILP, then processed for immuno-staining with myc and HA tag antibodies. Knockdown cells were revealed by co-expresed GFP signal. Myc-tagged proteins were revealed by Texas-red conjugated secondary antibodies and HA-tagged proteins were revealed by Cy5-conjugated secondary antibodies. Immuofluorescence microscopy showed that depletion of VPS41 disrupts the co-localization of other HOPS subunits with RILP. (C). GST-pulldown experiments demonstrated that depletion of VPS41 decreases the amount of HOPS subunits bound to RILP. (D). Quantitative analysis of the results from triplicate experiments revealed that the amount of HOPS subunits bound to RILP is significantly decreased when VPS41 was knocked-down. Un-cropped blots/gels are presented in [Supplementary Figure s9](#s1){ref-type="supplementary-material"}. bar = 20 μm.](srep07282-f4){#f4}

![C-terminal region of VPS41 contributes to the interaction between RILP and HOPS complex.\
(A). Purified His-VPS41 or His-Vps33 recombinant protein was incubated with immobilized GST-RILP to show RILP directly interacts with VPS41, but not VPS33. (B). Hela cells were co-expressed with GFP-RILP and myc-VPS41, myc-VPS41(1--427) or VPS41(428--855), respectively. Immunofluorescence microscopy revealed that RILP can recruit wild type VPS41 and VPS41(428--855), but not VPS41(1--427). (C). Pulldown experiments showed that RILP specifically binds to VPS41 through its C-terminal region(428--855aa). Un-cropped blots/gels are presented in [Supplementary Figure s10](#s1){ref-type="supplementary-material"}. Bar = 20 μm.](srep07282-f5){#f5}

![Disruption of HOPS complex inhibits EGFR degradation.\
(A). MCF7 cells were transfected with pSuper.GFP-scramble-shRNA or shRNA-VPS41, 48 h later, the cells were starved for overnight, then stimulated with EGF for the indicated times. The protein level of EGFR was examined by western-blot using mAb against EGFR. The results demonstrated EGFR decreased quickly in scramble knocked-down cells, but the degradation of EGFR is compromised in shRNA-VPS41 knocked-down cells. Un-cropped blots/gels are presented in [Supplementary Figure s11](#s1){ref-type="supplementary-material"}. (B). Quantitative analysis from 3 independent experiments reveals that EGFR degradation is significantly arrrested in shRNA-VPS41 knocked-down cells. (C). Immunofluorescence microscopy showed rapid endocytic clearance of endocytosed EGF-Rhodamine in scramble knockdown cells. (D). depletion of VPS41 delayed clearance of endocytosed EGF-Rhodamine as evidenced by the accumulation of endocytosed EGF-Rhodamine in structures partially overlapping with EEA1-labeled early endosome after 60 min internalization. (E). EGF-Rhodamine accumulated vesicles were co-localized with late endosomal/lysosomal markers CD63 and Lamp1 after 60 min of endocytosis in cells with VPS41 depletion. Bar = 20 μm.](srep07282-f6){#f6}

![The effects of overexpressing VPS41(428--855) (VPS41CT) on EGF-Rhodamine endocytosis and degradation.\
(A). over-expressing VPS41CT delayed endocytic clearance of EGF-Rhodamine similar to the effect of shRNA-VPS41. (B). EGF-Rhodamine accumulated vesicles were co-localized with late endosomal/lysosomal markers CD63 and Lamp1 after 60 min endocytosis in cells expressing VPS41CT. Bar = 20 μm.](srep07282-f7){#f7}

![A working model of HOPS-Rab7-RILP interaction on the endosomal membrane.\
In this model, Rab7 interacts with both accessory subunits VPS39 and VPS41 of HOPS complex, while RILP interacts with Rab7 and VPS41 to stabilze Rab7-HOPS at the endosomal membrane. (B). a working model of Rab7 modulating endosomal membrane transition regulated by Mon1/Ccz1, HOPS and RILP. In this model, Mon1-Ccz1 plays cis-regulation to exclude Rab5 and recruit HOPS complex, activating Rab7, while RILP plays trans-regulation to stabilize Rab7-HOPS complex onto late endosomal membrane.](srep07282-f8){#f8}
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